ABSTRACT: Sickle cell disease (SCD) is a genetic blood disorder that affects the shape and transportation of red blood cells (RBCs) in blood vessels, leading to various clinical complications. Many drugs that are available for treating the disease are insufficiently effective, toxic, or too expensive. Therefore, there is a pressing need for safe, effective, and inexpensive therapeutic agents from indigenous plants used in ethnomedicines. The potential of aqueous extracts of Cajanus cajan leaf and seed, Zanthoxylum zanthoxyloides leaf, and Carica papaya leaf in sickle cell disease management was investigated in vitro using freshly prepared 2% sodium metabisulfite for sickling induction. The results indicated that the percentage of sickled cells, which was initially 91.6% in the control, was reduced to 29.3%, 41.7%, 32.8%, 38.2%, 47.6%, in the presence of hydroxyurea, C. cajan seed, C. cajan leaf, Z. zanthoxyloides leaf, and C. papaya leaf extracts, respectively, where the rate of polymerization inhibition was 6.5, 5.9, 8.0, 6.6, and 6.0 (×10 −2 ) accordingly. It was also found that the RBC resistance to hemolysis was increased in the presence of the tested agents as indicated by the reduction of the percentage of hemolyzed cells from 100% to 0%. The phytochemical screening results indicated the presence of important phytochemicals including tannins, saponins, alkaloids, flavonoids, and glycosides in all the plant extracts. Finally, gas chromatography−mass spectrometry analysis showed the presence of important secondary metabolites in the plants. These results suggest that the plant extracts have some potential to be used as alternative antisickling therapy to hydroxyurea in SCD management.
■ INTRODUCTION
Sickle cell disease (SCD) is an inherited genetic disorder affecting red blood cells (RBCs) . At the genome level, this is due to a mutation in hemoglobin beta gene (HBB) causing a single amino acid substitution of valine for glutamic acid at the sixth position in the beta-globin chain, resulting in hemoglobin S (HbS).
1 Hemoglobin is the main component of the RBC with the primary function of oxygen transport.
2,3 Hemoglobin A (HbA) is the most common adult form of hemoglobin, but numerous variants of hemoglobin have been described. 4 Normal RBCs have a flexible biconcave disk-like shape that allows for unimpeded passage through microvasculature with an approximate 120 day life span. 5 Under hypoxic condition, HbS polymerizes, resulting in rigid and distorted RBCs termed "sickle cells", which cause impaired microcirculation, hemolysis, and reduced life span. Numerous clinical manifestations of sickle cell disease include pain, vaso-occlusive crisis, splenic sequestration, acute chest syndrome, aplastic anemia, hemolytic anemia, and stroke. 6 The rigidity of a sickle cell renders it fragile and prone to osmotic lysis. A normal red blood cell is flexible and elastic, which enables it to move through narrow blood vessels. Thus, sickle cells are described as being rigid and distorted because their resistance to hemolysis is reduced. A rigid cell cannot expand, meaning that it is not flexible and therefore cannot easily move along the narrow human blood vessels. When the osmotic fragility decreases, the resistance increases and vice versa. Therefore, the reduction in osmotic fragility by antisickling agents is an advantage in that it increases the RBCs' resistance to lysis. In other words, a rigid and distorted red blood cell with low elasticity can be fragile and may break with little stress. 7−10 Recent attempts at producing a targeted therapy for sickle cell disease management have focused on the inhibition of HbS polymerization by binding to small molecules. The polymerization occurs due to interactions among the amino acids in the hypoxic states. In normal RBCs, hemoglobin exists as a tetrameric protein with two alpha-and two beta-chains. The interactions among the tetramers of hemoglobin molecule can lead to polymerization. For instance, in homozygous SS patients, both beta-chains contain valine at the sixth position. Val6 interacts hydrophobically with Phe85 and Leu88 of the other hemoglobin molecules (i.e., beta-2 of the first Hb molecule interact with beta-1 of the second Hb molecule). This interaction constitutes the basis for polymerization. The same beta-2 chain of the first Hb molecule also contains glutamic acid at position 121, which interacts with Gly16 of the beta-1 chain of a third Hb molecule. Meanwhile, between the first and the third Hb molecules, His20 of the first Hb molecule of alpha-2 chain interacts with Glu6 of beta-1 of the third Hb molecule. Another interaction is that beta-2 Val6 of the first Hb is interacting with Phe85 and Leu88 of beta-2 of the second Hb molecule. In addition, the Asp73 of Beta-2 of the first Hb interacts with Thr4 of beta-2 of the fourth Hb molecule. There is also an interaction between Glu121 of the first Hb molecule on beta-1 chain and proline of alpha-2 and His116 of beta-2 chain of the fifth Hb molecule. This interaction model is supported by earlier reports on the nature of polymerization of sickle cells. 9, 11 These complex molecular interactions among the hemoglobin tetramers and with neighboring hemoglobin molecules play a vital role in the polymerization of the HbS cells, which result in deformation or sickled shape. 8, 9 Therefore, we speculate that therapeutic agents that interfere with these interactions may have the potential to be useful in sickle cell therapy.
Several antisickling agents have been investigated and confirmed to possess ameliorative properties. 12 For instance, hydroxyurea has been shown to decrease the number and severity of sickle cell crises by increasing fetal hemoglobin production significantly in patients with sickle cell anemia. 13 In fact, there was no specific therapy available for sickle cell disease patients before the 1970s. However, subsequent studies have shown that patients with a higher concentration of fetal hemoglobin (HbF) in the red blood cell had less adverse clinical complications.
14 In 1984, it was shown that hydroxyurea induced HbF in two adults with sickle cell anemia, while a subsequent report showed the efficacy and tolerability of the drug in the patients. The US Food and Drug Administration has approved the use of hydroxyurea since 1998 for the treatment of sickle cell patients with frequent painful crises. In 2007, the European Medicines Agency also authorized hydroxyurea for treatment of sickle cell disease. A review was later published by the Agency for Healthcare Research and Quality in 2008 on the use of hydroxyurea for sickle cell diseases. In addition, the National Institutes of Health Consensus Development Conference was held on the use of hydroxyurea for the treatment of sickle cell disease. 13−15 Hydroxyurea achieved this function by activating the production of fetal hemoglobin to replace the hemoglobin S that causes sickle cell anemia. One of the mechanisms for the action is based on its ability to inhibit the reaction that leads to the production of deoxyribonucleotides by acting on the enzyme of ribonucleotide reductase. The production of deoxyribonucleotides requires tyrosyl group (which is a free radical). So, hydroxyurea captures these tyrosyl free radicals thereby preventing the production of deoxyribonucleotides. Another mechanism is that it increases nitric oxide levels. This brings about the activation of soluble guanylyl cyclase, which results in an increase in the cyclic GMP. It also activates gammaglobulin synthesis, which is required for the production of fetal hemoglobin (by removing the rapidly dividing cells that preferentially produce sickle hemoglobin). 16 In addition, there are other actions of the agent on the membrane of human erythrocytes in vitro. The effects of hydroxyurea on sickled red blood cells and how to reverse the sickling state of the cells by acting on the membrane are important properties of hydroxyurea. Several reports are available online on the in vitro effects of hydroxyurea on the erythrocyte membrane deformability. 17−25 These studies show that hydroxyurea acts on the erythrocyte membrane. In fact, hydroxyurea also acts on hematological parameters as a mechanism to reduce sickling. 26−28 One of the purposes of this work is to compare the effect of antisickling plants with that of hydroxyurea in ameliorating or reverse the deformability of the erythrocyte membrane during sickling. Overall, although there are other agents tested and confirmed for the treatment of sickle cell disease, such as phenylalanine, 29 vanillin, 30 pyridyl derivatives, 31 acetyl-3,5-dibromosalicylic acid, 32 and 5-hydroxymethyl-2-furfural, 33 these are not yet clinically accepted for the management of the disease. So, hydroxyurea still remains the most widely accepted therapy for sickle cell disease.
Despite its wide acceptance, hydroxyurea is moderately toxic especially when administered long term. 21 In search of inexpensive but effective and readily available drugs, several investigations have been conducted on indigenous plant materials. Among the commonly used plants in Nigeria and other African nations for the management of many ailments including sickle cell disease are the leaves of Terminalia catapa 34, 35 and Carica papaya. 36 Others include Cajanus cajan seeds, 37 unripe fruit of Carica papaya, leaves of Parquetina nigrescens, leaves of Citrus sinensis, leaves of Persia Americana, and leaves of Zanthoxyllum zanthoxyloides.
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These naturally occurring sources contain phytochemicals or secondary metabolites that may have beneficial properties. 39 Potentially, medicinal plants could be used alongside pharmaceutical drugs for management of sickle cell disease. Because of the high number of sickle cell patients worldwide, especially in Nigeria, Africa, the high cost of pharmaceutical products, and the limited efficacy of the available drugs, there is a pressing need for the development of new drugs that are inexpensive but effective and readily available in rural communities as well as the world at large, for the management of sickle cell disease. Investigation of the antisickling properties of substances derived from indigenous plants is an attractive line of research. To this end, we investigated and compared the ability of the aqueous extracts of several widely used ethnomedicinal plants, including Cajanus cajan leaf, Cajanus cajan seeds, Zanthoxylum zanthoxyloides leaf, and Carica papaya leaf, to reverse the sickling of HbS-containing RBCs, inhibit the HbS polymerization, and increase the RBC resistance to hemolysis using hydroxyurea as a reference. Although the antisickling properties of some of the plants have been previously reported, 36, 38, 40 there is a need to systematically examine their efficacy in control with known and wellestablished agents. In addition to the phytochemical screening of the plants, identification of bioactive components in the plants is also an essential step toward further investigation and development of new efficient antisickling drugs. who had been transfused in the prior three months, had received an allogenic bone marrow transplant, or were taking antisickling drugs were excluded. The phenotype of each sample was confirmed by electrophoretic analysis. Freshly collected blood samples were used throughout, and only one type of human blood sample was used at a time for each experiment. The research was approved by the University of Michigan Medical School Institutional Review Board (IRB).
Plant and Chemical Material Collection. The plant materials (Cajanus cajan leaf and seed, Zanthoxylum zanthoxyloides leaf, and Carica papaya leaf) were collected in Ilorin, Kwara State, Nigeria, West Africa, and authenticated in the Department of Plant Biology, Faculty of Life Sciences, University of Ilorin, Nigeria. The voucher numbers were deposited in the herbarium of the department. Hydroxyurea, sodium metabisulfite, and NaCl were products of Sigma-Aldrich and were of analytical grade.
Extraction of Plant Samples. After being air-dried in the laboratory and ground into powder using a clean electric grinder, 100 g of each plant sample was extracted in 1 L of distilled water for 48 h, filtered, and dried using a LAB-KIT freeze-dryer machine. The percentage yields were 9.2%, 7.6%, 4.2%, and 8.3% (w/w) for C. cajan leaf, C. cajan seed, Z. zanthoxyloides leaf, and C. papaya leaf, respectively. The resulting extracts were stored in the freezer at −20°C. A working solution of 1% (w/v) of each of the plant extracts was made with distilled water and stored at −20°C until used.
Phytochemical Screening of Plant Extracts. The method previously described 41 was used in the determination of the presence of alkaloids in the extracts. One milliliter of 1% (v/v) HCl was added to 3 mL of 10 mg/mL plant extract and heated for 20 min. The resulting solution was cooled and filtered. To 1 mL of the filtrate, 2 drops of Mayer's reagent was added. A creamy precipitate observed indicated the presence of alkaloids. Two drops of Wagner's reagent was also added to a fresh 1 mL of the extract. A reddish brown precipitate indicated the presence of alkaloid in the extract. 41 For tannins, dried sample (0.5 g) was dissolved in 20 mL of distilled water in a test tube and then filtered. A few drops of 0.1% ferric chloride were added. Appearance of brownish green or a blue-black color indicated the presence of tannins. 42 In the test for saponins, two (2 g) of the plant extract was dissolved and boiled in 20 mL of distilled water in a water bath for 10 min, cooled, and filtered. Ten milliliters (10 mL) of the filtrate was taken and 5 mL of distilled water added and mixed thoroughly by shaking. A stable persistent froth indicated the presence of saponins. 41 Presence of flavonoids in the extracts was tested by adding 2 mL of 1% (v/v) aluminum solution to 3 mL of the aqueous extract. A yellow color observed indicated the presence of flavonoid. 41 The Keller−Killani test was used to test the presence of glycosides. Acetic acid (2 mL) containing one drop of ferric chloride solution was added to 5 mL of the aqueous plant extract. Then 1 mL of concentrated sulfuric acid was gently added. A brown ring observed at the interface indicated a deoxysugar characteristic of cardenolides.
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Gas Chromatography−Mass Spectrometry. After the confirmation of the presence of some phytochemicals in the plant extracts, they were analyzed by gas chromatography− mass spectrometry (GC−MS) (Shimadzu QP-2010-S) to identify secondary metabolites. This method employs electron impact ionization (ionizing potential 70 eV) and a capillary column (Supelco SLB-5 ms, 30 m × 0.25 mm × 0.25 μm film thickness). The ion source temperature was set to 200°C. The inert gas helium (UHP grade, from Cryogenic Gases) was used as a carrier, with a linear velocity of 35.9 cm/s. The injector temperature was 200°C with a splitless injection conducted. The oven temperature was held at 60°C for 3 min, then heated to 325°C at 40 deg/min, and then held at 325°C for 10 min. The transfer line interface temperature was 250°C. The mass spectrometer was scanned from m/z 35 to m/z 400 at every 0.5 s, with a solvent cut time of 3.0 min. The data were processed with Shimadzu's GCMS Solution software V4.3 by comparing the compounds with the database at the National Institute of Standards and Technology. For each compound, the name, molecular weight, molecular structure, and percent peak area were determined.
Sickling Reversal Test. The test of the ability of the plants to reverse the sickling state of the RBCs was performed by a previously described procedure. 43 The blood sample was washed twice in five volumes of phosphate buffered saline (1 mL of blood in 5 mL of PBS) with pH 7.4 by centrifugation at 1200g. Into a clean Eppendorf tube, 100 μL of the washed red blood cells and 100 μL of freshly prepared 2% sodium metabisulfite were added and incubated for 2 h at 37°C. Then 100 μL of antisickling agent (1% w/v) was added and incubated for another 2 h at 37°C. Ten microliters (10 μL) of the incubated cells was taken and transferred to a hemocytometer, and the cells were viewed and counted using an Olympus CK2 microscope at 40× magnification. A control test was performed by replacing 100 μL of drug/extract with 100 μL of PBS. Replacing drug/extract with PBS was performed to make the concentration of metabisulfite in total 300 μL final volume the same as in the test experiment, so that its effect on the red blood cells is not affected and the number of red blood cells in 100 μL of blood remains the same. The cells were classified as normal or sickled by observing their shapes. Biconcave or disk-like shapes were taken to be normal while the elongated, star-like, or wrinkled shapes were considered sickled. The percentage sickled cells was calculated using the following formula: percent sickling (%) = (number of sickled cells divided by the total number of counted cells) × 100. The experiment was repeated five times.
Polymerization Inhibition Test. The polymerization inhibition test was carried out following the method of Nwaoguikpe et al. 44 This procedure involves the measurement of the turbidity of the polymerizing solution of RBCs at a wavelength of 700 nm at 26°C. Freshly prepared 2% sodium metabisulfite (0.88 mL) was transferred into a cuvette followed by 0.1 mL of PBS and 0.02 mL of SS blood. Absorbance was read at 700 nm immediately and at every 2 min for 30 min. This serves as control test. For the inhibition test, 0.1 mL of phosphate buffered saline (PBS) was replaced by 0.1 mL of hydroxyurea/plant extracts. The rate of polymerization in percentage was calculated using the following formula: rate of polymerization (Rp) = [(final absorbance − initial absorbance)/30] × 100. The experiment was repeated five times as well.
Osmotic Fragility Test. The osmotic fragility test was carried out following a modification of the previously described method. 43 The modifications include incubation at 37°C instead of at room temperature and for 4 h instead of 24 h. Varying concentrations of normal saline were prepared (0− 0.9% NaCl), followed by the addition of 0.05 mL of SS blood prewashed in PBS (pH 7.4) and then incubated at 37°C for 4 h. The tube with 0.9% NaCl served as blank. For the test samples, 0.1 mL of solutions of the 1% hydroxyurea and 1% each of plant extracts were incubated separately with varying concentrations of NaCl as described for the control. After incubation, the mixture was centrifuged at 3000 rpm for 5 min. The supernatant was removed with its absorbance measured at 540 nm. Percent hemolysis was calculated as absorbance of the supernatant in all tubes divided by the absorbance of the supernatant in the tube with zero concentration of NaCl times 100. Results were presented graphically as percent hemolysis plotted against the concentration of NaCl.
Statistical Analysis. The data obtained were expressed as means ± standard error of mean (SEM) of five determinations. XLSTAT_2015 and SPSS V16.0 were used for data analysis. The statistical significance of differences was calculated using analysis of variance. Values of p < 0.05 were considered significantly different.
■ RESULTS AND DISCUSION
Phytochemical Screening of the Plants. Research has shown the importance of ethnomedicinal plants in the treatment of various ailments including sickle cell disease. 34, 35, 37, 38, 40 To investigate the chemical components of the plants that are responsible for their therapeutic potentials, there is a need to screen the plants for the presence of phytochemicals. The presence of important phytochemicals in some plant extracts has been previously investigated. For instance, the phytochemical screening of C. cajan leaf and seed, Z. zanthoxyloides leaf, and C. papaya leaf has been reported by several investigators. [45] [46] [47] 57 To confirm the presence of the reported phytochemicals, we first carried out a phytochemical screening of the aqueous plant extracts of C. cajan leaf and seed, Z. zanthoxyloides leaf, and C. papaya leaf using the procedure described in Materials and Methods.
The results of this screening demonstrated the presence of tannins, saponins, alkaloids, flavonoids, and glycosides in all the plant extracts. These phytochemicals are bioactive components that possess various therapeutic properties useful in medicine. For instance, tannins are group of phenolic compounds that can bind and precipitate protein, a property that could be utilized in receptor-targeted drug design. 44 Saponins are group of polycyclic aglycons (steroids or triterpenes) with attached monosaccharides, polysaccharides, or oligosaccharide side chains. Saponins have foaming characteristic and are used in the management of cancer, immune system stimulation in patients with low immune system, and blood cholesterol levels. 48 Uses of alkaloids include antiarrhythmic, anticholinergic, antiprotozoal agent, analgesic, stimulant, inhibitors of acetylcholinesterase, remedy for gout, cough medicine, antihypertensive, vasodilating, and as aphrodisiac. 49 In the same line, flavonoids are 15-carbon compounds with two phenyl rings and a heterocyclic ring usually referred to as rings A, B, and C. The use of glycosides and other phytochemicals in some plants as antisickling agents has also been reported. 50, 51 Thus, the results of this present work are comparable with earlier reports by Adesina and others where C. cajan leaf, 47 Z. zanthoxyloides, 34, 57 and C. papaya leaf 45 have been screened for the presence of phytochemicals such as alkaloids, tannins, saponins, flavonoids, and glycosides. Each phytochemical has a variety of uses in ethnomedicines. Their presence in these plant extracts probably explains the reason that the plants possess the antisickling properties. The observation in the presence of different phytochemicals such as alkaloids, tannins, flavonoids, etc. in C. cajan leaf, C. cajan seed, Z. zanthoxyloides leaf, and C. papaya is consistent with the report in several previous studies. [45] [46] [47] 57 There is however a need to examine the identification of the bioactive chemicals, which will help us understand the type of phytochemicals that are responsible for therapeutic potential of the plants.
We employed gas chromatography−mass spectrometry to characterize each of the plant extracts. The effectiveness of this method has been previously shown in identifying bioactive components in plant extracts. 39,52−55 The results of our tests are listed in the Tables 1−4 , where 28, 29, 30, and 29 secondary metabolites were identified from C. cajan leaf, C. cajan seed, Z. zanthoxyloides leaf, and C. papaya aqueous leaf extracts, respectively. Despite the effectiveness of GC−MS analysis in identifying possible secondary metabolites in plant extracts, it cannot be used for classifying the constituents into functional or structural groups, since GC−MS is designed to identify the compounds by comparing the candidates with known molecules in the database/library. Classification of the identified constituents is therefore left for further research and investigations.
Among the secondary metabolites identified, urs-12-ene and lupeol in C. cajan leaf have been used as anticancer agent and anti-inflammatory agents, respectively. Similarly, hexestrol in C. cajan seed is a derivative that has been used in detection of estradiol receptor sites; bromazepam and nickel detected in Z. zanthoxyloides and C. papaya leaf extracts act on neurotransmitters to reduce anxiety and are used as hepatoprotective agent. While the direct benefits of these components for antisickling remain to be elucidated, the examination of the presence of specific compounds presented here should help for future studies in characterizing the therapeutic properties of these plants. 56 Reduction of Sickle Cells by Hydroxyurea and Plants Extracts. Sickle cell disease affects the shape and flexibility of RBCs in such a way that it prevents their smooth movement through small human blood vessels. Normal red blood cells are biconcave and flexible, a property that enables them to move freely and smoothly through narrow blood vessels. It also enables them to live longer to about 120 days. One of the motives for antisickling drug design is to have a drug that can prevent or reverse the sickle shape phenotype of the RBCs. Here we investigated the potentials of C. cajan leaf and seed, Z. zanthoxyloides leaf, and C. papaya leaf in reversing the sickling of human RBCs, with data presented in Figures 1 and 2 . First, we compared the effects of the respective plant extracts to hydroxyurea in treating sickle cells. The results indicated a high potential of the plant extracts in reversing the sickling of RBCs. When viewed under microscope with 40× magnification, the sickle cells were found to have elongated or spike-like shapes while normal RBCs appeared biconcave or disk-like (Figure 2) .
To quantitatively compare their antisickling properties, we have carried out an experiment to test the ability to reverse the sickling of RBCs for each of the antisickling agents. the percentage of sickled cells was reduced to about 30%. The reduction was largest for hydroxyurea, followed by extracts of C. cajan leaf, Z. zanthoxyloides leaf, C. cajan seed, and C. papaya, which have the reduction rate ranging from 32 to 47%. These data were obtained from the average of five repeated experiments for each antisickling agent and the control. The mean and SEM of the original RBC numbers and the reduction rates are also listed in Table 5 . While all plant extracts tested have shown some level of reductions in the number of sickled cells compared to the control, the slightly higher potential observed in hydroxyurea as compared to the plant extracts may be attributed to its purity and synthetic nature. Being a synthetic drug, there is little or no interference of other components with its action. Hydroxyurea is the most widely acceptable and used drug for the treatment of sickle cell disease. It increases the fetal hemoglobin production by increasing nitric oxide production. This occurs through a series of other reactions leading to reduction of HbS concentration. Plant extracts, on the other hand, are mixtures of different bioactive chemicals that may be antagonists of one another. Thus, if the bioactive compounds in each plant extracts are isolated and purified, their potential and effectiveness may be further enhanced.
Red Blood Cell Polymerization Inhibition Test. Considerable effort has been made to elucidate the nature of sickle cell disease in the past decades, and it has been well established that the genetic mutation in the globin chain is where the problem originated. One of the clinical manifestations of this genetic RBC disorder is polymerization of hemoglobin in the hypoxic condition.
8,24,57−60 Therefore, inhibition or prevention of hemoglobin polymerization is one of the avenues of drug design against sickle cell disease.
In Figure 3 , we presented the effect of various plant extracts in preventing RBC polymerization. The results of these tests indicated that C. cajan leaf and seed, Z. zanthoxyloides leaf, and C. papaya leaf could all prevent RBC polymerization at some level. The initial absorbance of the polymerizing cells was measured at time zero (i.e., immediately after addition of sodium metabisulfite) and subtracted from the final absorbance taken at the end of 30 min. The resulting value divided by 30 gives the rate of polymerization inhibition. It is observed that C. cajan leaf possesses the fastest rate in hemoglobin polymerization inhibition, followed by hydroxyurea, Z. zanthoxyloides, C. papaya leaf, and C. cajan seed in descending order. Rate of polymerization inhibition in the control is the lowest because there are no antisickling agents to prevent the polymerization reactions. The characteristic trend observed here is due to the ability of the agents to interact with RBC membrane or probably with any of the amino acids that are involved in the polymerization reactions. It suggests that some of the bioactive components in the plant extracts were able to interact with hemoglobin molecules.
We inferred that some of the bioactive components in the plant extracts, in addition to the interaction with RBCs membrane, were able to interact with two or more amino acid residues to bring about inhibition of the polymerization Resistance of RBCs to Hypotonic Lysis. Osmotic fragility test is an effective approach to identify potential antisickling agents by attempting to increase the resistance of RBCs to hypotonic lysis. Hypotonic lysis occurs when water molecules move into the cells through osmosis against a solute concentration gradient. It has been reported that an increase in surface-to-volume ratio can increase the resistance of RBCs to hemolysis (i.e., decrease the osmotic fragility). 61, 62 Examples include cases in iron-deficient anemia, thalassemia, sickle cell anemia, and liver disease. On the other hand, a decrease in surface-to-volume ratio can decrease the resistance of RBCs to hemolysis (i.e., increase the osmotic fragility), with examples in the hemolytic anemias and hereditary spherocytosis.
The results of this experiment are presented in Figure 4 and Table 6 to show the effects of hydroxyurea and the plant extracts on the resistance of RBCs to hemolysis. While the figure shows the graphical tendency of the changes of percentage hemolysis at different NaCl concentrations, the table lists the number of hemolyzed cells with the standard error and the statistical significance level across different agents. The osmotic fragility of red blood cell is usually fully observed between 0.45% and 0.35% NaCl concentration, representing the onset and the completion of the hemolysis during the increasing hypotonicity. Considering the NaCl concentration at 0.4% and 0.5%, when compared with the control across the row, there were significant differences (p-value <0.05) among the effects of different antisickling agents on the resistance of RBCs to hemolysis. This significance level is represented by the different superscript letters in Table 6 . Although hydroxyurea has the lowest number of hemolyzed cells (0.139 ± 0.01) at 0.4%NaCl, most of the extracts are compared with the control (0.212 ± 0.00 hemolyzed cells). Overall, the extract with the least effects or with the highest number of hemolyzed cells (0.219 ± 0.00%) is C. papaya leaf, a trend of effect observed at almost every concentration of NaCl.
In summary, compared with the control experiment in which no agent was added, both hydroxyurea and the ethnomedicinal plant extracts reduced the osmotic fragility. When the osmotic fragility is reduced, the resistance to hemolysis is increased. It is shown that although hydroxyurea has the highest effect on the reduction of osmotic fragility of RBCs, the values obtained in the presence of the tested ethnomedicinal plant extracts also indicated considerable efficacy in the reduction of osmotic fragility. The curves for the tested agents were shifted to the left of the control (Figure 4 ). The slopes of the curves for the agents are higher than that of the control, suggesting a higher resistance with agents than the control. Generally, the resistance of RBCs to hemolysis was significantly increased in the presence of hydroxyurea and the plant extracts as compared to the control. The plant extracts may therefore be used as alternatives to the synthetic drug hydroxyurea. The ability of all these plant extracts to increase resistance to hemolysis as presented in this work is consistent with several earlier reports that showed the efficacy of medicinal plants on the reduction of osmotic fragility of red blood cells. 36,43,63−67 Since the plant extracts and the hydroxyurea increased the resistance of RBCs to hypotonic lysis, it can be inferred that they act on the membrane of the RBCs to prevent inward water movement, which suggests possible direct interactions in the agents and the RBC membrane. The presence of some important phytochemicals and secondary metabolites was examined in three ethnomedicinal plant extracts, including C. cajan leaf and seed, Z. zanthoxyloides leaf, and C. papaya leaf. The medicinal plant extracts were able to reduce the percentage of sickled cells, the rate of hemoglobin polymerization, and the osmotic fragility of human sickled RBCs. Further data analyses suggest that the ability of these natural plant extracts to exhibit these properties is probably due to the presence of the identified bioactive compounds. Thus, C. cajan leaf, C. cajan seed, Z. zanthoxyloides leaf, and C. papaya leaf extracts may be used as alternative agents to hydroxyurea or a precursor in ameliorating the sickling in human HbS containing RBCs. Various bioactive components in the plant extracts may be isolated and developed to drugs. Further research on identifying the bioactive components from the ethnomedicinal plants and to experimentally examine their individual potential for controlling the sickle cell disease is in progress. 
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